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I .  IN1 HODUCTION 

k'igure 1 presents  a block diagram sho*,inK the major conlponerits that might be assoc ia ted  with a space-to- 

k:arth optical  link. I.:xrept :is noted otherwise, the purpose of the systeni i n  b ' i g .  1 is limited t o  furnishing a spnrr-  

b,artli sipnul for drigle and doppler tracking. Incoherent Iipht i n  the neighhorhood o f  0.5 riiicron from t h r  Ytiniuliitor (1) 

exc i tes  the I.nser (2) .  'The I.aser o u t p u t ,  practically ninonorhrnmatic, is fed to the  t rmsmit t ing antenna (4), possitJly 

through some sort  of riiodulotor (3) .  'l'he signal ,  radiated to ttie r r rc iv inp  antenna (5) on b:nrth, is demodulated i i i  

Sollie sort i , f  detertiori  system (6). Ue w i s h  to determine, within this framework, an arrangement that  y i e l d s  maximum 

trd( Ling range. 

1 
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II. ANALYSIS OF SYSTEM COAPONENTS 

A. C h a r a c t e r i s t i c s  of L a s e r  Output 

To il lustrute tvl)ical 1,aser character is t ics ,  the properties of a laboratory unit recently developed by Hughes 

Aircraft Conipanv (Jlef. 4) will be considered. This unit in i t s  present form requires 30 kw of peak power to generate 

the needed pumping erierFy at  0.5 micron. T h e  L a s e r  output is 300 watts  peak at 0.6943 micron (6943 A). This 

emission,  only about 0.1 . I  \*id?,  is esselitiall! nionochromatic and is considered coherent.  In terms more familiar to 

communications engineers, t h i s  represents  a bandwidth of about 6 kmc ( 6  x IO9 cps).  T h e  s iena l  can be represented 

a s  narrow- t i t i  n d pir u s 3 i < i n  1 1  i) i ye. 

0 

0 

'l'he e n e r p  e m e r g c s  from the 1,aser through a circular orifice 1 cni i n  diameter. T h e  measured beam width of 

thc iddi.itioii is i t l , t ~ u ~  0.0: riiJ, niuch gredter than predictc-d ior a F'raunhofer diffraction pattrrn a t  th<rt frequencv. 

F'or the immediate d iscuss ion  the modulator w i l l  he ignored. 'The light from the l a s e r  Koes direct l )  to  the 

radiating system, the properties of which are governed h y  geonietricirl o p t i r s  I lecause of the exteiidrd s i z e  o f  ttir 

source.  ('l'his is d iscussed  in more detai l  be low. )  011 the other hend, 1)ecause o f  the large ,list.inces l i e t w e e n  t r a n s -  

riiitter cind recr iber ,  ttic source appears  a s  

the collector s i t  the  focus.  

point. Heha\ior of the receiviriq dntennti is governed t)) the niiture o f  

He( iiiise of  the 3orriewhirt peculiar n'iture of the radiation, and lirccirisr , i f  tlie I<rcL of receiving roiiIporieilih 

a t  these  wabelengths coiij1)araIile to those available at o r d i n a n  radio frrqiiri ir ics,  t h v  detection s! stem presents  i r  

spec ia l  prolilein. 'l'his w i l l  be d i s c u s s e d  subsequently. 

Perhaps  the first and most olibious question that can be asked  ctmcerns ttie I.trser output: To what extent 

does  the noi>\ riatiire of tlie signal  reduce i t s  usefulness? 

Following I l i t e  ( l ief .  5) w e  can write for, sav, the electr ic  field component at  an)  point 

e l  ' "  

2 
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where 

I 
I 

u n i t  vector, a slowly varying function of time 

the envelope of E ,  a slowly varying function of time 

midband angular frequency 

time 

phase,  a slowly varving function of time 

I( cos  h m t  t 0 )  

' I ' h i s  s ignal ,  detected in, s a y ,  a square law device,  yields  an output current of the form 

where (1  is B transfer constant.  

l h e  current represented t)y I contains  frequencies c lustered around zero and 2wm,'2.  For th i s  d i scuss ion  

the frequencies around zero a re  of interest .  These  are represented by  the tern) u K 2  '2 i n  Eq. (2). Rice  Foes  on t o  

show that the square of the d c  component, ldc ,  and the mean-square low-frequency a c  component, I, ,,are equal:  2 2 

T h u s  the  dc  power is equal  to the total  low-frequency a c  noise  power. 

If a low-pass filter is used, the noise  power is reduced. Rice Rhows further that  the ac spectrum is 

approximately triangulnr, with the maximum a t  zero frequency, fall ing to zero a t  f = B, where p is the  bandwidth 

of the  original signal.  T h u s  we can write for the a c  spectrum 

Hhere X- is a constant to be deterrnined. 'The total low-frequency B C  power is 

3 
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whence 

If a low-pass fi l ter  cutt ing off a t  f, is used,  the noise  power is 

with the  help of F:q. (4) a n d  (5). T h e  rat io  of dc  power to filtered noise  power i s  then 

2 
Idc 

5 T h u s  i f  .' = 6 x lo9 cps and we take f, = 3 x lo4 cps a s  a figure we.. i n  e x c e s s  of present requirements, p i s  10 or 

50 db. If the  amplitude of the s ignal  is modulated slowly ( l e s s  than 3 x IO4 c p s  rute) we can expect  to  de tec t  the 

modulation with little noise  contributed by the carrier. 

8. Ana lys is  of  Transmitt ing Antenna Ga in  

I f  the  I.aher o u t p u t  port could be treated a n  a point source,  a transinittin# antenna with high gain based  on 

the u s u a l  diffract ion theor! could be d r n i q e d .  Ijnfortunately, the fact  is t h a t ,  for reaeonatrle focal d i s t a n c e s ,  the 

4 
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I ,aser  o u t p u t  is f a r  from a point source.  The situation is tyI)ified i n  F'ig. %,where ,4,4 ' is an optical ax i s  coinciding 

with the ax i s  of the output orifire 0 of the l a m e r .  T h e  diameter of t h i s  r ircular orifice is d,  located a t  the focus  of 

the parabolic dish a t  a d is tance  F from the apex. 'I'he dashed line )iCl) reprpsents one extreme ray from the snurce 

to the parabola apex and out .  The  line DCR represents the other extreme ray. Then i t  is c lear  from geometric 

optical  considerations that the width of the bean1 leaving the parabola cannot be l e s s  than 

and t h i s  w i l l  be the governing equation unless  F is made sufficiently larcr. To s e e  how far one h a s  to po before t h i s  

equation beconies questionable,  consider a parabolic reflector 10 cm in  diameter. The Fraunhofer diffraction beam 

w i d t h  from such a reflector is approxiniatelv 

and s ince  we are us ing  A = 0.7 x c m ,  

(10) 

0.7 o = 1.22 = 0.85 x 10" rad 
10 

Referring t o  K q ,  (01, a focal length I.' yielding t h i s  same angle wou ld  be 

or F = 1180 meters. 

Arrangements for obtainin8 such a large focal length appear impractical a t  the present time. I t  appears ,  

therefore, that the gain of  the transmitting antenna is governed by geometric optics principles rather than by k'raunhofer 

diffraction theory. In  fact ,  i f  the power incident on the transmitting antenna is P t ,  the radiated power incident per 

unit area within the main lobe a t  a distance r from the antenna is 

5 
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Inridentally,  it  is instructive to compute the gain of the  transmitt ing antenna. This is given by 

I. o r  ex‘iriiple, for d ~ 1 cm and E‘ : 2 meters, 

I n  suhsequrn t  d i scuss ions  58 db will be used as  R reasonable figure. 

‘I’hc dimie ter  of the transmitt ing reflector 1 )  is determined from the  angle of spread Os: 

k 11r t l i t ,  c ~ x , ~ i ~ i ~ ~ l r  X i L e n ,  I) 7 2 cni, and the beam angle  has  heen reduced hv only a factor of 2. 

C. Rece iv ing  Antenna G a i n  

If the receiver a t  the focus could be considered an optical  point, the design of the receiving dntenna w o d d  

folloh hell-known antenna optical  design prinriplee,  with practical  l imitations fairly well understood at  .lI’I, (Ref. 6). 

I k c a u s e  of irrepularit ies on the surface of a reflector, maximuin theoretical  gain is real ized with greater and greater 

difficulty a s  the ratio of reflector diameter to wavelength i s  increased. For  th i s  reason we assume a 5-ft-diiiineier 

reflector a s  reasonable  for the present application. Theoret ical ly ,  under perfect conditions th i s  reflector n0111d i i ; irc 

ii gdin  u f  137 dL. 

I 
I extrapolatiou from JPL. experienre tit Goldstone, a gain of about 134 d b  might be expected for 

a point receiver.  I 
6 



I 
1 
~I 
‘I 
I 
I 

I 
1 
I 
I 
I 
I 
I 
i 

I 
i 

Section Report No. 331-2 - 

Actually, the receiver  is not a point; t h e  gain obtained depends generally on the nature of the receiver ,  

If the  receiver is a photocell, i t  w i l l  respond in  proportion to the total light incident on the sens i t ive  surface. 

Ignoring te lescope lo s ses ,  the amount of light is proportional to the  collecting area of the te lescope ,  provided the 

area of the photosensit ive surface exceeds the cross sec t ion  of the received light. This is eas i ly  true in the present 

instance.  The  col lect ing area of the te lescope,  translated into terms of gain, yields  the previously mentioned figure 

of 134 db. 

If a L a s e r  preamplifier is used, with an entrance port of 1 cm, a gain the s i z e  of the focal spot  will be much 

l e s s  than the area of the collector, and we have to  assume the fu l l  gain of 134 db. Khat happens to  the energy after 

i t  ge t s  into the preamplifier cavity is another matter. 

In  subsequent  d i scuss ions  134 dh w i l l  he used as a reasonable figure. 

The signal delivered nt the output terriiinal of the  receiving antenna is thus obtained with the h e l p  of Rq. (11):  

0 

P ,  G ,  G ,  h L  

t)y virtue of b:q. (12). 

Substituting the previously determined v a l u e s  for cL and Gr yields  

where r is i n  meters. 

0.  Detection 

r >  I he  prnl)leni of s ignal  detection sugges ts  several s o l u t i o n s  for ronsitleration: I ,aser Iire,tnii’lific~ition, 

photoelectric detect ion,  inixing and 1.1.’. a r n p l i f i c i i t i o n  i,)rnvided ,I suit, iI , le iiiixer c.in be found!). ’I’lie f i r s t  t w o  

(14) 

(14a) 

7 
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I 
I 
I 
I 
D 
I 
I 
I 

poss ib i l i t i es  s u f f e r  f rom an inherent diff icul ty .  T h e  noise temperature i s  determined by the energy involved in a 

quantum transition: 

or 

where T e  = effective noise  temperature, K 

2 h = Planck ' s  constant  = 6.625 x joule-sec or watt-sec 

c = velocity of light = 3 x 10' meters/eec 

ii = Uoltzniann's constant  = 1.38 x j o u l e P K  or watt-secj'OK 

A = 0.7 x meter 

whence, for the I.aser or the photoelectric detector, 

(6.625 10-34)(3 108) 
T .  = = 20.000'K e 

(1.38 x (0.69 x 10%) 

Compared to  300CK, this represente  a noise  figure of 18.3 db. Actually this figure i s  not nearly approached with 

either Idusers  Or photodetectors i n  the Laser  band at 0.7 micron. The high l o e s e s  due to moding in  L a s e r s  and the 

poor conversion efficiency i n  photocells in the red region ra i se  t h i s  value considerably.  

There is marked advantage i n  using a Laser  preaniplifier followed by a photoelectric detector .  Although 

the resulting Havleigh-distributed s ignal  is sui table  for angle tracking by virtue of the recoverable dc component, 

it is d i f f i cu l t  10 s e e  l i o w  i t  could be used t o  recover doppler. 

The  superheterodyne approach suffers in  addition from the fdrt that no sui tahle  mixer is k n o w n ,  at least 

to the writer of this r e p ~ ~ r t .  

In  t h e  next s e c t i o n  the use of  a high-frequenrv suhcarrier to recover doppler infomation'  w i l l  be d i s c u s s e d .  

Ilowever, i t  is f i r s t  desirable to complete the present d i s c u s s i o n  of noise  power prohlelrlu w i t h  a consideration o f  

t h c  aiiitj icnt noise I I i (  L e d  1.111 f r o m  the s k y  i n  the vicinity of t l ~ e  spacecraf t .  In  Section l l - ( : ,  i t  w d s  pointed out thtit i l l  

8 
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the caBe of the photocell, and perhaps i n  the uae of the L.aser, the extended receiving area does  not affect  the 

antenna gain. H o w e v e r ,  i t  does  a f f ec t  the amount of ambient noise picked u p  from the surrounding sky. Some rough 

es t imates  based on incomplete data indicate that n i n h t  s k y  w i l l  n o t  c o n t r i h t e  excemeive noise  compared with that 

from the detector,  t,ut that hlue  daylight s k p  b i l l  increase the noise level by about  40 db unless  the receiving 

aperture is stopped dobn 11, ahout 0.1 mm. These  numbers must be considered very approximate, yielding, a t  best ,  

order-of-niagn itutle infcmiat I o n  ( I I  e f.  8, 9). 

Parentheticallv,  i t  is desirable to indicate at t h i s  point an interesting feature of the acquisit ion problem. 

An antenna wi th  n gain of 134 d b  has  a beam w i d t h  oi  the order of lo-' deg, presenting an extremely difficult 

acquisit ion problem. On the other hand, an antenna of, say, 5-meter focal length with a 1-cmdiarneter receiver,  

s u c h  a s  a photocell o r  I .aser ,  a t  the focus (for night-sky use)  h a s  an acquisit ion cone angle of 

1 ou 1 - = 2 %  rad = 0.115 deg  
5 1 lo2 

which  is of a practical order of magnitude. Thus, i t  appears that under these  circumstances there i s  no ser ious  

acquisit ion problem. 

Khat analogous arrangernent a t  microwave frequencies y ie lds  th i s  attractive and appaFently contradictory 

combination of high pain and broad arquis i t ion  angle? T h e  answer  is many horn feeds  placed in the focal plane of 

a reflector,  each feed loaded w i t h  a separate receiver. A simple example would be to load each of the horns of a 

four-horn illtinopulse svstem w i t h  a seImrate receiver, with no other interconnections among the horns. 

1. l ' s e  of Subcurrier to  Recoi rr  I)oppler 

I n  order to  make the svstem su i tab le  for doppler tracking, a n d  to sugges t  poss ib i l i t i es  for telemetering, it is 

desirable to consider the use  of a subcarrier which might be used for doppler tracking. The  transmitted power 

represented by the field of Eq. (1) may be written 

P ,  = R~ cos2  (o,t t 0 1  P 

bhere K 2  is a s l o w l y  \ d r \  ing function of tinie. .Assume n o h  that t h i s  p w e r  is amplitude-modulated at angular 

frequency ma so that k:q. (17)  is mndified to 

P 

(17) 

9 
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where rn i s  the degree of  modulation (0 < rn 5 1). Furthermore, 0 < wa < < 2 n L j <  < urn. 

Assume ( a s  in a photoelectric detector)  tha t  the output current i s  proportional to the low-frequency component 

of E:q. (18): 

where we have now assumed the carrier noise  components in any narrow band of interest  to be negligible.  

It  is worth noting a t  th i s  point that  the subcarrier preserves  doppler information. The amount of doppler 

shift  obtnineti on the suhcarrier is the same as though it were being transmitted independently. 

2, P h oto e I e c t ri c D e t e c t ion 

I n  order to  be a s  specif ic  a s  possible we will assume a photoelectric detector  shielded somehow from all 

s igna ls  except  those  incident from the 1,aser transmitter. The incident power is of the form 

from Eq. ( lJa), and the spectrum of fi P 
detector.  In addition, the detector puts  out no ise  current given by (Kef.  7) 

is contained in a band 2. Then E q .  (19) appl ies  for the output current of the 

where 

- 
In 2 = n1ean-square noise  current, amp 2 

e = charge on electron = 1.6 x coulomb 

10 
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c_ 

1, = average emission current, amp 

= output circuit bandwidth, c p s  

Substituting for e, 

In 2 = 3.2  1 0 - l ~  I,  B 

The  following discussion i s  patterned after a s imilar  one in  Ref. 7. From Eq. (19), 

whence in Eq. (221, 

The  received power is given by Eq. (201, where the  part represent ing the recovered modulation after detection by the 

photocell is 

The desired component, a t  angular frequency oo, is 

Then the s ignal  current from the photo detector  is 

11 
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whence 

=2,2 - 2 
I s  2 = - RZ cos2  uot 

16 

T h e  s ignal  power-noise  power ratio is, then, from Eq. (23) and (241, 

Now i f  the  power generated i n  the spacecraf t  were not modulated, the received pober  averaged over the  
- - - - 

where f’, is the received power i n  the absence  of carrier cycle  would be K 2 , ’ 2 .  But R 2  - 2 K i ,  or K p  2 - K 2  ’2 = P,, 
P P P 

absorption modulation. If  P, similarly represents  the transmitted power in the a b s e n c e  of absorption modulation, 

then, by Eq. (14a) and (25), 

Then 

P ,  G, C, A2 a m2 
r2 _____ 

16 n 2  25.6 R 

12 
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& e  have already deterriiiried that 

G, = 6.4 x lo5 

cr = 2.5 1013 

2 X2 = 0.48 x meter 

From the HC 1 T ~ p e  Y 1 7  phototube take J = 1.34 x 

These figures v ield 

pa//pw at 6943 A.  A l v o  take rn = 1, R = 20 cps, and p = 10. 

r = 2.31 x los (P,)”? niiles 

- 
In thr tahulatii,n ~ I o H ,  r is ctilculated for various values of P t :  

1 

10 

100 

1000 

-6 r,  miles x 10 

0.231 

0.732 

2.310 

7.320 

( ; i i n  I i c t t e I  r c h u i t s  he o h a i n e d  u s i n g  a I-nser preamplifier ahead of the detector? The noise power generated 

Ly the I.,iser is 

13 
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1 - 
P, c, c, A3 2 ( B N ,  p ) r = 1.11 x 108 

Subst i tut ing previously used valuee reeulte in 

L 20 x 10 N L  J 

If N L  is no worse t h a n  100 (20 db), 

a n  order of magnitude iniprovement over Eq. (26a) for direct  photocell detection. 

L a s e r  researchers  believe that N L  can be reduced to 10 in the next five years .  Substituting i h ' ~  = 10 in 

Eq. (30) yields  

- 
r = 5.83 x lo6 (P , ) x  

- 
The  table  below shows r tabulated for  various va lues  of P ,  calculated from Eq. (30b). 

- 
P , ,  w a t t s  

1 

10 

100 
1000 

-6 r, m i l e s  x 10 

5.83 

18.4 
58.3 

184 

(29) 

(30b) 

14 



It must  Le emphasized,  however, that while ultimate succeBs m a y  be expected in the development of a 

L a s e r  preamplifier, t h i s  has not been acconlplished to da te ,  and many difficult  (but presumably solvable) problems 

l i e  ahead.  

1000 1 10 1,000 
I 

I 
I 
1 
I 

18.1 

111. DETECTION RANGE, MICROWAVE SYSTEM VS LIGHT SYSTEM 

At t h i s  point a comparable calculation of range based on u s e  of a microwave carrier is appropriate. Assume 

the following conditions:  operation a t  2300 mc, a 250-ft parabola on Earth,  and a 32-ft parabola in the spacecraf t .  

‘I hen 

2 .4, = 60 meter (effective) 

I 
I 
I 
1 
I 
I 
I 
I 

GI = 2 x 106 

and assuming the u s e  of a Maser receiver with a noise temperature of 1OO”K, and a received s igna l -noise  ra t io  of 

10, we get 

(31) 

In T a b l e  1 a comparison is made of the expected ranges  for a microwave sys tem and the most effective 

L a s e r  systems d i s c u s s e d  i n  th i s  report. 

I 3,200 5.8 
i 1 

10 10,100 

15 



I 
I 
I 
I 
I 
I 
I 
1 

i 63.0 134.0 

106.0 0.0 I (referred to light) ~ 

GI i 

i 
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- 7 1 . 0  

t 106.0 

t:quations (XH,) and (31) indicate a factor of 550, or 55 db, in favor of the microhave system i f  the same trans- 

niitted poher is i i ssui i ied  i n  both c a s e s .  ‘I’aLle 2 shows how t h i s  value is comprised of the various factors entering 

the range equation. 

T e  (referred to 3 0 o 3 l i j  4.7 + 33.0 ! - 28.3 

I 
I 
I 
I 
I 
I 
I 

16 
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IV .  CONCLUSIONS 

In the  foregoing ana lys i s  a fairly optimistic attitude has been taken concerning the rate of progress  i n  the 

development of 1,aser  techniques in the next one-to-five years .  Nevertheless ,  it niust be concluded that for equal  

transmitted power the microwave system is superior t o  the I .aser  system. In fact ,  in  order to equal  the microwave 

system in performance, 1.aser transmitted power m u s t  be of the order of 55 d b  greater than the required inicrowdve 

power. 

,It tlrr przsent stcite of develolinient 1 . d s e r  operittion is ahout  1 1  efficient '1s far as  Iiioaer corisurription is 

concerned. 'l'lie over-dll efficiency o f  a microwave system is a t  le,tst an ordt-r of niagiiitiitla tiptter, t h u s  exaggerating 

further the discrepdnci  i n  favor of the microwave system. 

I < u t  t h p  1 ..i*or s\ ster!r cannot  he discarded u n t i l  a few ilthrr ,1iiestii.)ny art' uriswt-rrti. 1. i r s t ,  c c i n  I.ast-r 

efficiency be irripro\ed? norkers  i n  the f ie ld  Lelieve thev can at ta in  10'; efficiencv in the ncdr f u t u r e  & \ i t t i o u t  tot i  

much diff icul t&.  (:an sunlight be used a s  the pump source? Preliminary invrs t ip l t iun  indicates  that  the u s e  , i f  

sunlight rriay 1)r ni'irginal (Hef. 4): th i s  merits H very careful look.  nut, at the stirlie tiiiit-, it 1.nser s!,stciii risiirg t t i v  

sun  a s  a power source  shnuld be compared with an optical system that u s e s  the sun direr t lb .  Phri tOcel ls  d e s i p e d  

to respond to sunlight have noise  f igures  approaching theoretical  within a few dti, actual ly  better than the hoped for 

figure of 28 dt) quoted for the 1,ctser i n  Table  2. .Although the L a s e r  is much m o r e  coherent than sunl ight ,  i t  tipppars 

to be incoherent enouKh to  require a technical approach that c l a s s e s  it with sunlight rather than ~ i t h  a crvstel  

osci l la tor ,  as far a s  corririiunicatiorls applications a re  concerned. 

The preceding ana lys i s  shows that a t  the present s t a t e  of the art the transmitt ing antenna p i n  is l i m i t r t l  i i \  

the  finite s i z e  of the L a s e r  output port. If th is  port can be made sniallrr ,  or i f  the angle of the radiation frriiii i t  ( .< in  

be made of the  order predicted by diffraction opt ics ,  then larger antenna gains  for reasonahle  focal d i s t a n c e s   mi^ ile 

real ized.  ITnder these  circumstances i t  should not he too difficult to trui!d a srRcecraf t  antenna \\ i t h  i i  cain of 110 dli 

a t  light frequencies. T h i s  would represent an  improvement of 52 d b  over the value given i n  'l'dhle 2 .  'Plis. i n  t u r n ,  

would reduce the gap between the  two systenis to  3 db, surely within the accuracy of this  a t i i i t l \  si.;. ll,i\tt.ver. t o  

accomplish th i s  resul t  the 1-aser m u s t  be capable of being designed to appear as a point source at reasoniit~!t! f o i  a1 

t l i  s t ances .  

17 
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[+.cause of the extremely narrow antenna beam w i d t h s  assoc ia ted  with light frequencies,  acquisition of the 

spacecraf t  from the E k t h  could be a very difficult problem. One method of a l leviat ing th i s  problem is suggested.  

Although the ailtenria ha6 a verv narrow beam width, i t  can be designed to  have a large field of view. A n  extended 

detector system (Bith a riiultiplicity of outputs, either parallel or sequent ia l )  could Le placed in the focal plane of 

the reflector, the reflector pointed approxiniately to the right direction, and the signal detected by integration. The 

photographic plate is, of course, a n  example of such a detector, although perhaps not sui table  for this  immediate 

pro bl e 111. 

I n  conclusiori, i t  must be pointed out that the k:arth’s atmospheric conditions frequently resul t  in  unaccept- 

able  attenuation t o  electroniagnrtic h a v e s  in  the visiLle region. I n  a n y  coniparison of the relative merits of s y s t e m s  

th is  must eventually he taken i n t o  a c c o u n t .  

18 
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V. RECOMMENDATIONS FOR FURTHER STUDY 

I.’rom the foregoing d iscuss ion  some a reas  for subsequent investigation may be logically inferred. Anlong 

those  sub jec t s  that  merit study are the following: 

1. Improved Lase r  power sources ,  and in particular, the feasibil i ty of using sunlight as such  a source. 

2. T h e  relative merits of Lever sys tems a n d  direct-sunlight oystems. 

3. \ lethods of reducing cone angle of radiation from Lase r  and/or reducing i t a  apparent s i ze  a s  a light 

source.  

4, Acquisition methods with extremely narroh beam te lescopes .  

5. Slethods of modulating the I.aser output with frequencies i n  t h e  tens of megacycles.  

6. I , o ~ - l o s s  methods of realizing a long focal length within a compact  volume. 

19 
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I ’  

NOMENCLATURE 

effective a rea  of receiving antenna 

effective a rea  of transmitting antenna 

o u t p u t  circuit  bandwidth 

\ cioc it! o f  Iigh t 

di c~nie  ter of t ran  sni i t t i n R ref I P c t or 

rhi irpe on electron 

unit vectiir 

energ)  

rIectri(, field 

v i i t - o f f  frt=qumcv 

f o c . i i 1  Irngth 

gain c’f receibing ,intpnna 

gain o f  transrnitting antenna 

1’1 s n c  A’s cons tan t 

noise current 

I 111 t 1’ I I  t c urre n t 

s i p i i l  current 

# ) u t i \ u t  current 

J r  roniponent of current 

Ion-frr,luency ac  component of current 

t i t ,  I t z 111 d n  n ’ s con s t an t 

degree of modulation 

noise factor 

incident po\Ler prr  u n i t  a rea  

20 
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NOMENCLATURE (Cont'd) 

P , ,  noise power 

P r  received power 

P r  amplitude-modulated received power 
a 

P, power incident on transmitt ing antenna 

P amplitude-modulated transmitted power 

r range 

R the envelope of E 

R p  aniplitude envelope of transmitted s ignal  

t time 

T e  effective noise  temperature 

L fn  ~ h' c o s  (w*  t t 0 )  

tt ( f )  ac spectrum 

(1 tr  d n s fer c on Y t an t 

3 tidndwidth of original s ignal  

0 phase 

Otl  acquisit ion cone angle 

0, 

Os beam angle from Laser  

beam angle from transmitting antenna 

h havelength 

i/ frequenc) 

~1 ratio of s ignal  pober  to  noise  power 

wn angular frequency 

urn midhand angular frequency 

. 

2 1  
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TRANSMITTING MODULATOR 
A N T E N N A  

A 

OUTPUT 
DETECTION RECEl  V I N G 

SYSTEM A N T E N N A  

k'ig. 1 .  Optical cornnilmications l ink  (one-wav) 

m-- ---+ 

/ 

I 
A '  

E'ip. 2 .  Transmitt ing antenna o p t i c s  

2 2  



I 
I 

Section Report No. 331-2 

REFERENCES 

1. 

2. 

3. 

4.  

5. 

6.  

7 .  

8. 

9.  

1 6  Schawlow, A.  I.. and Townes,  C. H . ,  

December 15, 1958. 

Infra Red and Optical  \ lasers ,”  P h y s i c a l  R e v i e w ,  112(12):1940-1949, 

Xlainian, T. H., “Optical  and Microwave-Optical Experiments i n  R u b y , ”  P h y s i c a l  K e t i e w  Letter ,  June 1, 1960. 

l l lainian,  T. H., Optical  Ifuser Act ion in Ruby ,  Hughes Research Laboratories,  unpublished report. 

L a s e r  Development  at t lughes Research  Laboratories,  Internal Heport No. 331336,  Je t  Propulsion Laboratory,  

September 9, 1960. 

Wax, 3 .  (editor), Se lec t ed  Papers  on Y o i s e  and Stochast ic  P r o c e s s e s ,  Dover, New York, 1954. 

Rechtin,  b:,, Stevens,  R . ,  and Victor, w‘. K., Data Transmission and Communications, Technical  Release 

No. 34-55, J e t  Propulsion I,ahoratory, Pasadena,  April 30, 1960. 

Zworykin, V. K . ,  a n d  Morton, G. .A., T e l e v i s i o n ,  Cliapter 1, Section 1.6, John \Tiley and Sons, New York, 

2nd b:dition, l95l. 

Allen, C .  H ., Istrophyqrcal ( )uantctres ,  Chapter 12, Athlone P r e s s ,  I’niversity of Idondon, 1955. 

Hardy, 4. C. and l’errin, F. H. ,  T h e  Prtncrples  o / O p ~ ~ c s ,  Chapter 9, XlcCraw-Hill, %ew York, 1932. 

23 


